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Solar power is a strong alternative to the currently used fossil fuels in order to satisfy the world’s energy needs.
Among them, dye-sensitized solar cells (DSSC) represent a low-cost option. Efficient and cheap dyes are
currently needed to make DSSCs competitive. Computational chemistry can be used to guide the design of
new light-absorbing chromophores. Here, we have computationally studied the lowest excited states of
ZnPBAT, which is a recently synthesized porphyrinoid chromophore with high light-absorption efficiency. The
calculations have been performed at ab initio correlated levels of theory employing second-order coupled
clusters (CC2) and algebraic diagrammatic construction using second order (ADC(2)) methods and by
performing density functional theory (DFT) calculations using the time-dependent DFT (TDDFT) approach for
excitation energies. The ultraviolet-visible (UV-vis) spectrum calculated at the ADC(2) and CC2 levels agrees
well with the experimental one. The calculations show that ZnPBAT has six electronic transitions in the visible
range of the absorption spectrum. The ab initio correlated calculations and previously reported experimental
data have been used to assess the performance of several well-known density functionals that have been
employed in the present TDDFT study. Solvent effects have been estimated by using the conductor-like
screening model (COSMO). The influence of the addition of a TiO2 cluster to the chromophore systems
has also been investigated. The results indicate that both CAM-B3LYP and Becke’s ‘‘half-and-half’’
(BHLYP) density functionals are appropriate for the studies of excitation energies in the blue range of the
visible spectrum for these kinds of porphyrinoid chromophores, whereas the excitation energies of the
Q band calculated at the ab initio correlated level are more accurate than those obtained in the present
TDDFT calculations. The inclusion of solvent effects has a modest influence on the spectrum of the
protonated form of the studied chromophores, whereas solvent models are crucial when studying the
absorption spectrum of the anionic chromophore. The calculated UV-vis spectrum for the chromophore
anion is not significantly affected by attaching a TiO2 cluster to it.
1 Introduction
The energy-consumption rate of our civilization was 17.2 TW in
2014 and it is expected to increase by a factor of two in the
coming decades.1,2 Solar energy is probably the most important
sustainable energy source that has the potential to replace
fossil energy, when the solar-energy capturing devices are
efficient enough.1,3 Only 0.02% of the solar radiation has to
be captured for satisfying future energy needs. Many different
principles have been proposed for constructing efficient solar-
energy capturing devices. However, since the discovery of the
principles for dye-sensitized solar cells (DSSC) 25 years ago,
DSSCs have attracted attention as a replacement for the tradi-
tional solar cells made of silicon.4,5
The DSSCs originally proposed by Grätzel usually consist of
a dye that is adsorbed on a nanocrystalline titanium dioxide
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(TiO2) electrode.
4–9 More recently other semiconductors such
as perovskites (CaTiO3) have been found to yield a higher
efficiency than with TiO2.
10 The light absorbing dyes often
consist of metal complexes of, e.g., ruthenium or zinc, with
efficiencies between 7% and 11% rendering technical applica-
tions feasible.5,11–16 Due to the high price of ruthenium, novel
efficient DSSC dyes containing cheaper metals are desirable.5
Another class of potential DSSC dyes is inorganic complexes of
organic molecules with extended p–p conjugation, such as metallo-
porphyrines (MPs), which can be designed to have specific
functionalities and properties.17–20 Functionalized MPs can be
deposited on semiconductor electrodes for use as dyes in solar
energy harvesting devices.4,5 The MP-based DSSCs have good
photostability and they are relatively cheap. The use of Zn as the
central metal and molecules with metallo-supramolecular
interactions has lead to a high efficiency of 6–11%.21–25
One of the Zn porphyrins with the highest solar-light
harvesting efficiencies is ZnPBAT, which is a Zn porphyrin with
two electron-donating diphenylamine groups in two of the meso
positions, a strong electron-withdrawing carboxyphenylethynyl
moiety as the anchoring group in one of the meso positions, and
a tBu substituted phenyl group in the fourth meso position. The
effect of one diarylamino group in meso positions has previously
been analyzed.22 The ethynyl group between the anchoring
carboxyphenyl group and the porphyrin moiety leads to a slightly
improved light-harvesting capability (Z) of 10.1% as compared
with the similar ZnPBA dye, which has the carboxyphenyl group
directly connected to the meso position of the porphyrin ring.
The ZnPBA chromophore reaches an Z of 8.3%.22 ZnPBAT has
broad Soret and Q bands, which enhance light absorption
leading to a better performance of the solar cell.22
The interaction between the dye and TiO2 is important for
the efficiency of DSSCs. Usually, the dyes have a carboxylate
group that binds to TiO2 of the solid electrode. The interaction
of the dyes with the (101) plane of TiO2 (anatase) or a TiO2
nanocluster has been studied computationally at quantum and
classical levels of theory. The studies show that the dye is
attached to titanium dioxide via carboxylate groups.26–34
In this work, we have studied the lowest excited states of the
ZnPBAT and ZnPBA dyes at the second-order approximate coupled-
cluster (CC2) and the algebraic diagrammatic construction of second
order (ADC(2)) levels of theory. The results obtained using the
ab initio correlated methods are compared with those calculated at
the time-dependent density functional theory (TDDFT) level using a
couple of functionals. TDDFT is widely used in excited state studies
of large molecules, because of its good performance and its relatively
low computational costs.35 However, since TDDFT calculations
might suffer from charge transfer problems, the reliability of the
obtained results should be assessed by comparing with the results
calculated at higher levels of theory.36 Basis-set and solvent effects
on the calculated vertical excitation energies have also been inves-
tigated. The present CC2 and ADC(2) calculations on the ZnPBAT
and ZnPBA molecules and the dyes attached to a TiO2 cluster model
are, to the best of our knowledge, the first ab initio study of the
excited states of these important DSSC systems, for which experi-
mental ultraviolet-visible (UV-vis) absorption data are available.22
2 Materials and methods
The molecular structures used in the time-dependent density func-
tional theory (TDDFT)37 and ab initio correlated calculations were
optimized at the density functional theory (DFT) level using the
Becke–Perdew (BP86) functional38,39 and the Karlsruhe split-valence
basis set augmented with polarization functions (def2-SVP).40
The molecular structures for a few selected molecules were also
optimized using the Karlsruhe triple-z basis set augmented
with polarization functions (def2-TZVP).40,41 Dispersion inter-
actions were considered by using Grimme’s D3 correction.42
The resolution of the identity approximation (RI) was used to speed
up the calculations,43–45 the ‘‘chain of spheres’’ approximation
was additionally used to speed up calculations using hybrid
functionals,46 and the algorithm described by Kendall and
Früchtl47 was used to speed up calculations using a long-range
corrected functional.
The calculations of the electronic excitation energies
were performed at the TDDFT level using the long-range
corrected CAM-B3LYP functional38,48,49 and the def2-SVP basis
set augmented with diffuse basis functions (def2-SVPD) for the
main group atoms.50 For Zn, the def2-SVP basis set was employed.
Excited states were calculated using the B3LYP and BHLYP
functionals.49,51–54 The CAM-B3LYP functional in combination
with the def2-TZVP basis set was also used in the calculations of
the excitation energies.
DFT calculations including solvent effects were performed
using the conductor-like screening model (COSMO) with a
dielectric constant of 24 representing ethanol.55,56 All DFT
calculations were performed using the ORCA program package
version 3.0.3.57
Excitation energies and oscillator strengths were calculated
at the approximative second-order coupled cluster (CC2) and
the algebraic diagrammatic construction through second order
ADC(2) levels using the scaled opposite-spin approximation
and the def2-TZVP basis set.58–60 The def2-SVPD basis set was
also employed to assess the size of the basis-set truncation
errors of the ab initio correlated calculations. The Laplace
transformation (LT) algorithm and the reduced-virtual-space (RVS)
approximation were used to speed up the computations.60–64
The RVS cut-off threshold was 60 eV. The COSMO was
employed at the ADC(2) level to account for the solvent
effects.65 The ab initio correlated calculations were performed
using the TURBOMOLE 7.0 package.66–68
3 Results and discussion
The carboxylic acid group that anchors substituted porphyrin dyes
to TiO2 in the solar cells is known to be protonated in solution.
69
Protonated dyes were therefore initially analyzed in order to assess
the different methodologies for the computational studies of the
UV-vis spectra. The experimental reference data were reported by
Kurotobi et al.22 The optimized geometry for the ZnPBAT mole-
cule, studied in this work, is shown in Fig. 1. In the figure it can be
seen that the triple-bond that connects benzoic acid with the
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3.1 Ab initio calculations
The electronic excitation spectra of the molecule have been
calculated at the ADC(2) and CC2 levels of theory for the
protonated form of the ZnPBAT molecule (ZnPBAT–H).
ADC(2) results are reported with and without the use of the
COSMO implicit solvation model (e = 24). The calculated
absorption and wavelengths are compared to the experimental
data in Table 1. The excitation energies calculated at the ADC(2)
level using the COSMO are in excellent agreement with the
experimental ones with deviations of less than 0.1 eV. However,
due to the band broadening of the experimental spectrum, it is
hard to determine the exact values for the vertical excitation
energies and the number of transitions that contribute to each
band. The present calculations suggest that each of the experi-
mental B (Soret) bands at 460 nm and 433 nm comprises two
electronic transitions. The results show that the ZnPBAT–H
molecule has six excited states in the visible range, which is two
more than predicted from Gouterman’s four-orbital model.70
The plot of the exciton densities shown in Fig. 2 shows that
transitions of the B bands lead to a charge-transfer from the
meso substituents to the porphyrin ring, whereas the Q bands
are more local excitations.
The excitation energies calculated at the ADC(2) and CC2 levels
are also in excellent agreement with one another. The largest
deviation is only 0.07 eV. The solvent effects at the ADC(2) level
lead to a redshift of the bands by 3–9 nm (0.01–0.05 eV).
3.2 TDDFT calculations
The calculated absorption wavelengths are compared to the
experimental data in Table 2. The values can also be compared
with equivalent ab initio results in Table 1. In Table 2 we can see
that CAM-B3LYP and BHLYP calculations yield similar excita-
tion energies and that the calculated spectra agree qualitatively
with the experimental one. The Q band at B600 nm calculated
at the CAM-B3LYP and BHLYP levels is slightly blue shifted as
compared to the measured Q band at B660 nm. The trend of
solvent shifts in CAM-B3LYP is similar to that observed at the
ADC(2) level, although the shifts observed are larger for the B
band at the CAM-B3LYP level, and leads to a better reproduc-
tion of the experimental bands. A similar behavior is observed
for the BHLYP functional, as shown in the ESI.†
Fig. 1 Optimized geometry for the ZnPBAT–H molecule.
Table 1 The wavelengths (l in nm) and the oscillator strengths (f) below
390 nm for the UV-vis spectrum of the ZnPBAT–H molecule calculated at
the CAM-B3LYP/def2-SVPD, the ADC(2)/def2-TZVP and CC2/def2-TZVP
levels of theory. The ADC(2) excitation energies are also calculated using
the COSMO with a dielectric constant (e) of 24. The experimental spectrum










l Intensity l f l f l f
Q 661 0.15 639 0.17 647 0.22 621 0.16
Q 596 0.08 615 0.01 618 0.01 602 0.01
B 460 0.60 463 0.16 472 0.22 452 0.20
B 448 0.42 457 0.62 439 0.40
B 433 0.75 435 0.51 443 0.67 430 0.48
B 418 0.15 424 0.15 413 0.08
398 1.90
Fig. 2 The calculated exciton density of the selected excited states of
ZnPBAT–H. The excited states were obtained at the ADC(2)/def2-TZVP/
COSMO (e = 24) level of theory. The exciton densities are labelled with its
absorption wavelength. The exciton density of the strong band at 370 nm
reported in the ESI† is also shown. The plots are made using a 0.003 isosurface.


































































































27880 | Phys. Chem. Chem. Phys., 2016, 18, 27877--27884 This journal is© the Owner Societies 2016
At the B3LYP level, the first two transitions corresponding
to the Q band appear at 780 nm and 727 nm. The B band is also
significantly redshifted as compared to the experiment. The
first strong transition corresponding to the B band appears at
526 nm. In addition, several spurious transitions with small
oscillator strengths are obtained in the B3LYP calculations but
not at any other level of theory that is employed in this work.
The B3LYP calculations of the excitation energies suffer from
charge transfer problems, which lead to slightly too low excita-
tion energies and spurious excited states. Thus, the UV-vis
spectrum calculated at the B3LYP level is not reliable and is
therefore not discussed further in this work.
The shoulder in the experimental spectra at 596 nm is
reproduced at the CAM-B3LYP and BHLYP levels. However,
the calculated band strength is 4–8 times weaker than the
experimental intensity. This weakening is also observed at the
ab initio levels. The absorption energies of the strong B bands
(Soret) calculated at the CAM-B3LYP and BHLYP levels agree
well with the experimental values. The CAM-B3LYP and BHLYP
calculations suggest that the B band consists of four transi-
tions, whereas only two peaks are observed in the experimental
spectrum.22 It cannot be ruled out that a third strong transition
contributes to the strong and broad Soret band in the experi-
mental spectrum. Thus, the experimental UV-vis spectrum
is largely reproduced by TDDFT calculations employing the
CAM-B3LYP and BHLYP functionals. Since the results obtained
at the CAM-B3LYP and BHLYP levels are qualitatively the same,
the rest of the BHLYP results are reported only in the ESI.†
The absorption wavelengths and oscillator strengths for
ZnPBAT–H calculated at the CAM-B3LYP level are presented
in Table 2. Comparing CAM-B3LYP wavelengths with those
calculated using the COSMO in Table 2 shows that the solvent
contribution is rather small but not negligible especially for the
transitions of the B band, which are redshifted by 24–36 nm
(0.15–0.26 eV) in the COSMO calculation. For the two transitions
of the Q band the solvent shifts are 9 and 4 nm (0.02–0.03 eV),
respectively. The inclusion of the solvent effect in the CAM-B3LYP
calculation leads to better agreement with experiment for the B
band, whereas the Q band is almost unaffected by solvent effects.
In the CAM-B3LYP calculation using the COSMO, the lowest
transition appears 0.15 eV higher in energy than the maximum
of the first peak in the experimental spectrum.
The excitation energies calculated at the CC2 and ADC(2)
levels are in excellent agreement. The largest deviation is only
0.07 eV. The calculations at the ab initio levels confirm that
ZnPBAT–H has six excited states in the visible range, which is
two more than predicted from Gouterman’s four-orbital
model.70 The trend of the solvent shifts of the ADC(2) excitation
energies is similar to the one obtained at the CAM-B3LYP level.
However, a solvent redshift of 3–9 nm (0.01–0.05 eV) at the
ADC(2) level is observed, although smaller than that obtained
in the CAM-B3LYP calculations. The excitation energies calcu-
lated at the ADC(2) level using the COSMO are in excellent
agreement with the experimental ones with deviations of less
than 0.1 eV. However, due to the band broadening of the
experimental spectrum, it is hard to determine the exact values
for the vertical excitation energies and the number of transi-
tions that contribute to each band. The present calculations
suggest that each of the experimental bands at 460 nm and
433 nm comprises two electronic transitions.
3.3 Basis-set study
The excitation energies of ZnPBAT–H calculated at the
CAM-B3LYP/COSMO (e = 24) and ADC(2)/COSMO (e = 24) levels
using the def2-SVPD and def2-TZVP basis sets are almost identical.
The absorption wavelengths reported in Tables 3 and 4 differ at
most by 1–3 nm. Thus, the def2-SVPD basis set is sufficiently
large for the present purpose.
3.4 Chromophores attached to TiO2
The studied molecules can be used as light absorbing chromo-
phores in DSSCs,5 where the molecules are attached to a semi-
conductor electrode such as TiO2. The carboxylate group of
porphyrinoids is deprotonated and coordinated to one or two Ti
atoms.22,71–74 The optimized geometries of the ZnPBAT molecule,
and that of the ZnPBA, also studied in this section, are shown
in Fig. 3. The excitation energies of the chromophore attached
to TiO2 were calculated at the CAM-B3LYP/def2-SVPD/COSMO
Table 2 The wavelengths (l in nm) and the oscillator strengths (f) of the lowest electronic transitions of the UV-vis spectrum of the ZnPBAT–H molecule
calculated at the B3LYP, CAM-B3LYP and BHLYP levels of theory are compared with the wavelengths and relative intensities of the absorption maxima of
the experimental UV-vis spectrum measured by Kurotobi et al.22 The TDDFT calculations were performed using the def2-SVPD basis sets and, except for
the ‘‘vacuum’’ column, the COSMO solvation model with a dielectric constant (e) of 24, simulating ethanol. The computed absorption wavelengths for
higher excited states are given in the ESI
Experiment22 B3LYP CAM-B3LYP CAM-B3LYP (vacuum) BHLYP
l Intensity l f l f l f l f
661 0.15 780 0.30 610 0.33 601 0.32 594 0.32
596 0.08 727 0.07 583 0.02 579 0.02 570 0.01
460 0.6 691 0.08 492 0.07 456 0.09 487 0.06
433 0.75 636 0.03 463 0.21 439 0.25 454 0.21
526 0.04 450 0.10 418 0.13 450 0.14
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(e = 24) level to assess how TiO2 affects the light-absorption
wavelengths. Since the anchoring carboxylate group deproto-
nates upon coordination to TiO2, the spectra were calculated
for the deprotonated ZnPBAT and ZnPBA dyes attached to TiO2.
The obtained spectra are compared to the excitation energies
calculated for the ZnPBAT and ZnPBA anions at the same
level of theory in order to estimate the effect of TiO2 on the
absorption spectra. The TiO2 semiconductor is simulated by a
TiO2 cluster consisting of 27 atoms, which has been derived
from the crystal structure of anatase. The dangling bonds are
saturated with hydrogens yielding a cluster consisting of 45 atoms.
The calculations were performed at the CAM-B3LYP/def2-SVPD/
COSMO (e = 24) level, because the calculated UV-vis spectra
calculated at that level largely agree with the ones obtained in
the ADC(2) calculations. The calculated excitation energies and
oscillator strengths reported in Table 5 show that the UV-vis
spectra of the deprotonated porphyrinoids and the spectra
for the chromophores attached to the TiO2 cluster are practi-
cally identical with differences of 1–2 nm. Thus, TiO2 does not
significantly affect the UV-vis spectra of the chromophore
attached to the semiconductor. The calculated UV-vis spectra
for ZnBAT–H and for ZnBAT–(Ti6O21H18) also agree well having
the largest deviation of 7 nm (0.02 eV) for the lowest transition.
For a solvent such as ethanol, the UV-vis absorption spectra of
porphyrinoid chromophores attached to TiO2 can be modeled
by performing calculations on the deprotonated or neutral
chromophore employing a continuum solvent model.
3.5 Anionic porphyrinoid chromophores
For the neutral ZnPBAT–H chromophore, the solvent did not
introduce any large changes in the calculated UV-vis spectrum.
The differences in the solvent shifts calculated at the CAM-B3LYP
and ADC(2) levels are even larger than the solvent shift calculated
at the ADC(2) level. However, the solvent effects are significant for
the anionic (deprotonated) chromophores as seen in Table 6.
In the vacuum calculations at the CAM-B3LYP, ADC(2), and CC2
levels, a few extra states with very small oscillator strengths are
obtained in the visible region. For a single anionic chromophore
in the gas phase, five states with low oscillator strength appear in
the TDDFT calculations using the CAM-B3LYP and BHLYP func-
tionals. Four of the extra states are also present at the ADC(2) and
CC2 levels indicating that most of them are true states and not
artificial charge transfer states of the employed TDDFT method.
See the ESI.†
A solvation model such as the COSMO is not needed when
studying neutral porphyrinoid dyes in solution, whereas it is
necessary to enclose anionic chromophores with dielectric
media in order to avoid the extra states with small oscillator
strengths. Ethanol, which is the solvent used in this work, is
rather polar and can form hydrogen bonds with the dye and the
semiconductor, which are not considered in the COSMO calcu-
lations. We have used the dielectric constant of ethanol in the
COSMO calculations, because ethanol was used as solvent in
the experimental study by Kurotobi et al.22 Since the solvent
effects are small, considering the solvent effects is less crucial when
investigating neutral chromophores in non-polar solvents. The
inclusion of a solvent model is important for a proper treatment
of chromophores bound to TiO2 when simulating the light absorp-
tion spectra of DSSCs. In the absence of the dielectricum, the
calculated UV-vis spectrum for ZnBAT–(Ti6O21H18) differs from
the one calculated for the same system when it is surrounded
by a solvent model. The UV-vis spectra of ZnBAT–(Ti6O21H18)
and ZnBAT–H calculated in vacuo also differ significantly. For
ZnBAT–(Ti6O21H18), states with very small oscillator strengths
appear as for the anionic chromophore when the dielectricum
is not considered in the calculation. Another important change
in the calculated spectra is that one of the strong transitions in
the Soret band disappears in the vacuum calculation on
ZnBAT–(Ti6O21H18). Thus, in the vacuum calculation ZnBAT–
(Ti6O21H18) has only one strong transition in the Soret region
Table 3 Comparison of the wavelengths (l in nm) and oscillator strengths
(f) for the electronic transitions of the light absorption spectrum of the
ZnPBAT–H molecule calculated at the CAM-B3LYP/COSMO (e = 24) level
using the def2-TZVP and def2-SVPD basis sets
TZVP SVPD
l f l f
609 0.32 610 0.32
583 0.02 583 0.02
491 0.08 492 0.08
462 0.22 463 0.22
450 0.12 450 0.12
430 0.22 430 0.22
Table 4 Comparison of the wavelengths (l in nm) and oscillator strengths
(f) for the electronic transitions of the light absorption spectrum of the
ZnPBAT-H molecule calculated at the CAM-B3LYP/COSMO (e = 24) level
using the def2-TZVP and def2-SVPD basis sets
TZVP SVPD
l f l f
647 0.22 644 0.21
618 0.01 616 0.01
472 0.22 474 0.22
457 0.62 457 0.60
443 0.67 443 0.64
424 0.15 425 0.16
Fig. 3 Optimized geometry for the ZnPBAT and ZnPBA chromophores
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with an absorption wavelength of 421 nm. The present study
shows that the interaction between the porphyrinoid dye and
the TiO2 cluster is altered by the surrounding dielectricum.
4 Conclusions
We have employed different computational methodologies
for investigating the light absorption spectra of substituted
porphyrinoid molecules and of the same molecules attached to
a TiO2 cluster that simulates the semiconductor. The study
focuses on the recently synthesized ZnPBAT chromophores
that are efficient dyes in dye-sensitized solar cells (DSSCs).22
The computational studies performed on the second-order
coupled-cluster (CC2) and algebraic diagrammatic construction
at the second order (ADC(2)) levels of theory yield excitation
energies and band strengths that agree with the experimental
data. Four transitions have been assigned in the experimental
spectrum.22 However, the ADC(2) and CC2 calculations show
that ZnPBAT–H has six electronic excitation energies in the
visible range. Two electronic transitions form the strong B band
at 460 nm and two excited states also contribute to the strong B
transition at 433 nm.
Calculations at the time-dependent density functional
theory (TDDFT) level show that a significant share of Hartree–
Fock (HF) exchange has to be included in the functional in
order to avoid spurious charge-transfer states. Calculations
using the B3LYP functional with 20% HF exchange result in
too small excitation energies and spurious charge-transfer
states in the visible range, which disappear when the BHLYP
functional with 50% HF exchange, or the long-range corrected
CAM-B3LYP is used. The excitation energies calculated using the
BHLYP and CAM-B3LYP functionals also agree with the experi-
mental data. Our results suggest that these functionals can be
employed in the studies of the light absorption properties of
these kinds of porphyrinoids. However, the present study shows
that TDDFT calculations on large chromophores should, due to
charge-transfer problems, be benchmarked against ab initio
data whenever possible. Our results indicate that the def2-SVPD
basis set can be employed in TDDFT and ab initio correlated
studies of the light-absorption properties of porphyrin-based
DSSC chromophores. However, at the ab initio correlated levels
the computational time does not increase much when using
the larger basis set, because most of the virtual orbitals will
be omitted in the calculation of excitation energies when the
reduced virtual space (RVS) approximation is employed.64
For the neutral porphyrinoid chromophores, the inclusion
of solvent effects via the COSMO55 approach has a modest effect
on the calculated light-absorption wavelengths and oscillator
strengths. For the anionic (deprotonated) chromophores, it is
crucial to consider solvent effects because unphysical diffuse
excited states are obtained for the anion when solvent effects
are omitted. The diffuse states with small oscillator strengths
disappear when the chromophore is surrounded by a
dielectricum simulating the solvent.
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